The precise effect of crystallographically discriminating biomolecular adsorption on the fluorescence intensification profiles of individual zinc oxide nanorod (ZnO NR) platforms was elucidated in this study by employing peptide binding epitopes biased towards particular ZnO crystal surfaces and isolating the peptides on given crystalline facets of ZnO NRs. Subsequently, the fluorescence emission profiles of the preferentially bound peptide cases on the basal versus prismic planes of ZnO NRs were carefully evaluated both experimentally and via computer simulations. The phenomenon of fluorescence intensification on NR ends (FINE) was persistently observed on the individual ZnO NR platforms, regardless of the location of the bound peptides. In contrast to the consistent occurrence of FINE, the degree and magnitude of FINE were largely influenced by the discriminatory peptide adsorption to different ZnO NR facets. The temporal stability of the fluorescence signal was also greatly affected by the selectively located peptides on the ZnO NR crystal when spatially resolved on different NR facets. Similarities and differences in the spatial and temporal fluorescence signal of the crystalline NR facet-specific versus -nonspecific biomolecular adsorption events were then compared.
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Accepted Manuscript Nanoscale www.rsc.org/nanoscale INTRODUCTION Optically superior materials of reduced dimensionality and subsequently fabricated optical devices configured in a miniaturized format have drawn considerable research interest in recent years, [1] [2] [3] [4] demonstrating potentially useful applications in biosensing and biodetection through newly identified fundamental optical phenomena. [5] [6] [7] [8] [9] The excellent optical properties of zinc oxide (ZnO) have been widely recognized and extensively exploited as light emitting diodes, 10, 11 field emitters, 12, 13 lasers, [14] [15] [16] and waveguides 15, [17] [18] [19] [20] in optoelectronics. The optical characteristics of ZnO have also proven to be beneficial in the biosensing arena in later years, as evidenced by the much improved detection sensitivity of biomolecular fluorescence when paired with ZnO nanomaterials such as nanoparticles (NPs) and nanorods (NRs). [5] [6] [7] 9, [21] [22] [23] [24] [25] Size reduction in ZnO-based biosensors and biodetection can aid in the practical needs for more portable, low-volume, minimally invasive, highly sensitive, and increased throughput bioassays. In addition, novel biodevice architectures can be designed to take advantage of the unique optical characteristics of individual ZnO nanomaterials that can be otherwise obscured in ensemble-averaged responses. Accordingly, it is likely the future integration of ZnO will involve not only the nanoscale form of the material, but also configure a single nanomaterial as a distinct detection component instead of a nanomaterial ensemble. To this end, we recently reported on the intriguing optical phenomenon of fluorescence intensification on NR ends (FINE) seen from fluorophore-coupled proteins adsorbed indiscriminately along a single ZnO NR. 26, 27 We considered the influence of experimental parameters such as the growth orientation and physical dimensions of the ZnO NRs (material factors) as well as the type and concentration of the fluorophores (biomolecular factors) on the resulting biomolecular fluorescence profiles.
Convoluted contributions from the material and biomolecular factors evaluated in the previous work may still impose a limitation in the fundamental understanding and further biomedical application of the highly useful FINE effect pertaining to the spatially localized and temporally extended fluorescence intensification. Before the full potential of individual ZnO NRs in biodetection is realized, it is critical Page 3 of 34 Nanoscale
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to understand the precise effect of biomolecular fluorescence emitters bound on different crystalline facets of a ZnO NR on the resulting optical signal. Despite the prior investigations, the important study of controlling specific biomolecular adsorption behaviors on different ZnO crystal planes and pinpointing the roles of such adsorption scenarios on the subsequent signal enhancement and quantification has not been performed to date. Yet, such information can serve not only to facilitate accurate interpretations of the enhanced optical signal and the mechanism of ZnO NR-enabled FINE but also to promote the rational design of better nanoscale ZnO biomaterials and biosensors.
Peptides can serve as useful surrogates for whole proteins given their synthetic accessibility and recognition potential for different surfaces or biomolecules. 28, 29 Distinctly located amino acid residues encoded within the peptide sequence can provide specific interactions with strong binding affinities for target receptors or materials that may not otherwise be conveniently achieved with small molecules or larger proteins. Given the modular nature of peptides, it is further possible to employ combinatorial methods to rationally design short sequences with high affinity for specific surfaces. Accordingly, we turn to peptide binding epitopes biased towards particular ZnO crystal surfaces to address the need for controlled biomolecular adsorption. A series of peptide binding epitopes was previously identified via spectroscopic means and further used to promote solution-processed ZnO growth along a predefined axis into a controlled shape. [30] [31] [32] [33] [34] We exploit such amino acid sequence-specific peptide interactions with given ZnO crystal facets 30, 33 in this study to yield discriminating adsorption cases in which the adsorption of fluorophore-coupled biomolecules is localized either to the basal or prismic planes of the ZnO NRs. We subsequently examine the fluorescence emission profiles of the preferentially bound peptide fragments both spatially along the NR long axis and temporally from different NR facets under constant irradiation. Spatially, we probe the optical signal from the end and main body of the NR distinctively to examine for the occurrence of the highly localized optical phenomenon of FINE and further elucidate the role by which facet-discriminating adsorption of the biomolecules affects the degree of signal enhancement in FINE for NRs of different physical dimensions. We also monitor the resulting emission temporally to probe -0} facets on the exposed surface of the wurtzite ZnO NR. The highly crystalline ZnO NR exposes six prismic planes along the NR side facets and two basal planes at the NR end facets. For discriminatory adsorption onto the basal versus prismic planes of ZnO NRs, we exploit two short peptide sequences that have shown clear adsorption bias either to the family of basal or prismic facets on the exposed surface of the wurtzite ZnO NR. 30, 31 In recent years, phage-display experiments have become a reliable technique by which to screen large pools of peptides to probe their affinity for optically interesting inorganic materials such as noble metals, semiconductors and metal oxides. 30, 34 Using this approach, a strong ZnO binding peptide referred to as PT44, with the amino acid sequence of HSSHHQPKGTNP, was identified to exhibit high specificity for binding onto the basal planes of ZnO {0001}. 30 In addition, a contrasting peptide named PT32, with the sequence of HVSIHRTTHHEM, was reported to show a high binding affinity for the prismic planes of ZnO {101 -0}. 31 In the top panel of Fig. 1 In the bottommost panels of Fig. 1 , the ball and stick model of the amino acids encoding the highaffinity interaction of each 12-mer peptide of PT32 and PT44 for its respective crystal plane are also illustrated without the N-terminal FITC-Ahx modification. Characteristic biomolecular emission profiles of PT32 and PT44 are displayed in Fig. 2(A and B) , respectively, for ZnO NRs of various lengths. In our previous investigation, we showed that the degree of FINE is dependent on the length of the NR with longer NRs showing increased levels of FINE whereas NR width does not play a significant role. 26 Hence, we tested the effect of the crystallographically specific peptide adsorption on the spatial and temporal fluorescence signal by employing ZnO NRs of different lengths.
When comparing the biomolecular fluorescence profiles monitored along the long axis of the NRs for the two cases of PT32 and PT44, we note several interesting outcomes which may be valuable in further Page 10 of 34 Nanoscale Nanoscale Accepted Manuscript providing insight into the origin of FINE. Firstly, fluorescence signal was present on all positions of the ZnO NRs for both PT32 and PT44, regardless of each peptide's intrinsic adsorption affinity for binding to either the NR side or end facets. For instance, fluorescence signal was clearly resolved not only along the NR main body but also from the NR end positions for the PT32 case. Similarly, the signal for the PT44 case was present not only on the end facets but also on the NR main body. This interesting observation of biomolecular fluorescence signal which is present continuously along all NR positions including the ZnO NR positions away from the favored peptide binding sites indicates that the observed signal is not directly correlated with the spatial distribution of adsorbed peptides on the NRs. The resulting optical signal is rather related to the collectively guided signal of the biomolecular fluorescence through the optical 1D channels of ZnO NRs. This observation may further be explained by the electromagnetic radiation, upon its initial coupling of biomolecular emission into the NR medium, which propagates along the length of the ZnO NR in the form of surface evanescent waves and guided waves and finally radiates out to the far field from the NR ends. Secondly, the highly localized intensification of fluorescence signal from the NR ends relative to that from the main body is clearly evidenced for the two peptide cases, once again irrespective of the peptide's specific binding preference.
Since the manifestation of FINE is seen even for the cases of PT32, in which the biomolecules preferentially adsorb along the NR main body, the origin of the enhanced signal localized at the NR end facets cannot be simply explained by the potential circumstance of exclusive or increased biomolecular adsorption at the NR ends relative to the main body.
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progressively higher with the increase in NR length. This observation of higher fluorescence intensity measured at the NR end positions with longer NR lengths is highly unexpected from the NR side facetfavoring PT32 and is in stark contrast to the relatively constant signal along the NR main body seen with increasing NR lengths. As prismic facets on the NR main body dominate the exposed surface area of the ZnO NR, the rising fluorescence intensity at the NR end position for longer NRs cannot be derived from high amounts of fluorophore-conjugated peptides positioned at the NR end facets due to the prismic facet-selective PT32. As indicated previously, the enhanced signal measured at the NR end positions is likely to have collective signal contributions from the PT32 biomolecules adsorbed along the NR main body which can effectively couple their emission through the underlying optical medium of the ZnO NR for subsequent guided propagation to the NR ends. As increases in NR length allow for greater amounts of adsorbed PT32 fragments along the main body, higher levels of emitted fluorescence may couple into the ZnO NR and further be collectively guided to the NR ends, leading to fluorescence intensity and, in addition, higher degrees of signal intensification at the NR ends for elongated NRs.
For the case of PT44, as NR length increases from the left to right panels of Fig. 2(B) , the signal monitored along the NR main body was approximately 30% lower in fluorescence intensity than that found for PT32. In fact, the overall intensity observed at any position along the length of the ZnO NRs was found to be higher for the PT32 than the PT44 case. The typical diameter range of the employed ZnO NRs in our experiment is between 100 and 350 nm, and the majority of these ZnO NRs exhibit an aspect ratio greater than 10:1 in length:width which is equivalent to a ratio of 30:1 (NR side facet: NR end facet) in terms of the total surface area availabe for peptide binding. Since PT44 has a binding predilection for the basal planes, which provide a much smaller and relatively constant surface footprint for biomolecular adsorption relative to PT32, it can be reasoned that neither the increase in NR physical size nor in biomolecular concentration will have a major influence on the fluorescence intensity. Indeed for PT44, only very small increases in fluorescence intensity were measured on the NR end facets with longer NR lengths. The intensities measured on the NR end facets for PT44 have a very weak dependence on the NR length when compared to the PT32 case, and NR widths do not have a noticeable effect on the observed fluorescence intensity. We also observe that the intensity values monitored along the NR main body appear to show a slightly increasing trend with longer NRs. These experimental outcomes will be discussed further with the aid of the FDTD simulations presented later in this paper. of the highest intensity measured at the NR ends is persistently and continuously shown for PT44. For the PT32 samples, on the other hand, the signal intensity quickly drops to 50% of the highest magnitude Page 16 of 34 Nanoscale Nanoscale Accepted Manuscript measured at the NR ends even for a short distance away from the end positions, leaving the intensified fluorescence signal highly spatially localized at the NR ends.
We were able to elucidate the similarities and differences between NR facet-discriminating versus nondiscriminating biomolecular adsorption cases by comparing the results between this and our earlier study. In all biomolecular adsorption cases on ZnO NRs, the fluorescence signal is observed from all positions on the NR regardless of the physical locations of the biomolecules. The occurrence of FINE is also confirmed in all cases. The new outcomes from the crystallographic plane-specific adsorption cases further reveal that the biomolecules adsorbed on the NR main body, relative to those on the NR end facets, will contribute much more strongly to the overall signal intensity regardless of whether it is measured on the NR side or end facets. Our new findings from the facet-specific study also reveal that the NR length-dependence on the degree of FINE is much more pronounced for the biomolecules adsorbed on the NR main body, whereas the correlation between the degree of FINE and the NR length is found to be weak for the biomolecules bound on the NR end facets.
Influence of Facet-Specific Adsorption on the Temporal Stability of Biomolecular Fluorescence.
To further probe the temporal stability of the fluorescence signal monitored along the various positions of individual ZnO NRs for the two peptide binding cases, the exponential decay of the emission under constant irradiation is quantitatively profiled in Fig. 4 for the NRs of different lengths. The typical photostability curves of PT32 and PT44 are respectively presented in Fig. 4(A and B) for NRs of 2.5 m (left), 5.5 m (center), and 7.5 m (right) in length. The signal intensity for each peptide and NR length panel was normalized with respect to the highest and lowest intensities measured initially at T = 0 s. To evaluate the temporal stability of the biomolecular emission, we define T 1/2 , T 1/5 , and T 1/10 as the time taken for the collected signal to decrease to 50%, 20%, and 10% of the initial intensity at T = 0 s. When comparing the stability profiles of each peptide, PT32 generally exhibited extended photostability at each time point relative to PT44. The prolonged temporal stability of PT32 Fig. 3 . The enhanced signal at the NR ends is consistently observed to be prolonged for PT32 versus PT44 both in the 2D plots in Fig. 3 and in the photostability graphs in Fig. 4 . These outcomes combinedly suggest that the signal from each emitter adsorbed on the observed on the NR end and side facets are different than the outcomes from our previous investigations. 26, 27 In those earlier studies, fluorophore-tagged proteins were adsorbed onto all exposed NR facets with no facet-specific binding bias, which enabled temporally prolonged observation of the biomolecular fluorescence on the NR ends relative to the NR side facets. This difference in temporal stability on the NR end versus side facets between the crystallographic plane-specific and nonspecific cases may be due to the unique situation of PT adsorption yielding no signal emitters on the non-binding facets. Rather than the dual sources for the measured signal contributed from biomolecules on both basal and prismic planes in the non-biased binding case, the time-dependent intensity decay profile for the facet-discriminatory PT adsorption case will be affected by only a single source, i.e. the PTs adsorbed on either the basal or prismic planes. In this latter case, time-dependent fluorescence decay profiles are expected to have similar contributions to different NR positions along the length as they are all guided from the same source.
Apart from these differences in temporal stability identified between the NR facet-specific versus nonspecific adsorption events, a similarity of generally extended photostability is found on all the biomolecular adsorption cases on ZnO NRs we investigated. When considering the fact that most Therefore, this degree of FINE serves as a gauging tool for the enhancement factor of the fluorescence intensity collected from the NR end facets in reference to the NR side facets. The degree of FINE plot in Fig. 6 exhibits a dependence on NR length for each peptide case. The comparison graphs presented in Fig. 6 confirm that PT32 exhibits a more significant dependence of the degree of FINE on NR length relative to PT44. In the case of PT32, a strong linear dependence between the degree of FINE and NR length is found as seen in Fig. 6(A) . As NR length becomes longer, the degree of FINE for PT32 rises from a factor of 0.1 to 0.5. For this case of PT32, increasing the NR length results in a higher amount of biomolecules adsorbed along the NR main body due to a larger surface footprint of the NR side facet.
However, the surface density of the biomolecules effectively stays the same, yielding minimal changes in the average signal collected from the NR main body, I middle . At the same time, the average signal measured at the NR end facet, I end , increases significantly as shown earlier in Fig. 2(A) as the NR length increases, which subsequently escalates the degree of signal intensification, ∆I.
In contrast, for the case of PT44, the degree of FINE correlates weakly with NR length as shown in Fig. 6(B) . With the increase in the NR length, the enhancement factor only changes from 0.1 to 0.2 for PT44. The elongations in NR length do not affect the number of end facet-preferring biomolecules and, accordingly, do not affect the degree of FINE significantly. For both peptides, varying NR widths showed no correlation to the degree of FINE for the hundreds of NRs we tested. Since increases in the diameter of the NR basal plane is anticipated to provide larger surface areas for PT44's preferential adsorption, the lack of clear correlation of NR width and the degree of FINE also supports that FINE is not derived simply from higher amounts of bimolecular adsorption at the basal plane. The aspect ratios (length:width) of the typical NRs examined under our study lie between 10:1 and 30:1. Hence, we note that such differences of the NR length-dependencies in the degree of FINE between the two PT adsorption cases are experimentally validated in this aspect ratio range.
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SUMMARY
In summary, we have investigated the role by which NR facet-selective biomolecular adsorption affects the fluorescence intensification profiles of single ZnO NR platforms by employing fluorophoretagged peptides exhibiting contrasting binding preferences for different crystallographic planes of ZnO.
Specifically, we employed PT32 and PT44 which are known to preferentially bind to the exposed prismic planes along the ZnO NR main body and the basal planes located at the NR ends, respectively.
The resulting biomolecular fluorescence profiles of each peptide's discriminatory adsorption on individual ZnO NRs were characterized experimentally and simultaneously probed using FDTD simulations. Similarities and differences in the spatial and temporal fluorescence characteristics measured along single NRs between the crystalline NR facet-specific versus -nonspecific biomolecular adsorption scenarios were further revealed.
The phenomenon of FINE was persistently observed on the individual ZnO NR platforms, irrespective of the favored crystallographic locations for peptide adsorption. However, the inherent discrimination of each peptide towards particular ZnO facets was found to notably affect the degree, intensity, and temporal stability of the biomolecular fluorescence signal. For the prismic facet-bound peptide case (PT32), the intensity and photostability of the bimolecular emission was found to be higher relative to the case of preferred adsorption at the NR basal planes (PT44). Further, the predilection of PT32 to favor binding along the NR main body produced a stronger correlation between the degree of FINE and the NR length in comparison with the end facet-binding scenario of PT44. When compared to the previous nondiscriminatory adsorption circumstances exhibiting much prolonged photostability on the NR basal relative to the prismic planes, the time-dependent decay profiles of the fluorescence signal examined spatially along the NR for the preferential binding cases displayed negligible differences between the NR basal and prismic planes.
The FDTD simulations substantiated the experimental trends in the occurrence, magnitude, and degree of FINE for each discriminatory peptide-binding scenario and further provided a basis to evaluate the complex origins of our experimental observations for the two PT cases. Such understandings are Page 29 of 34 Nanoscale Nanoscale Accepted Manuscript anticipated to further the processing and interpretation of the fluorescence signal from various ZnO NR biosensors, especially for those fabricated by engineering site-directed biomolecular adsorption to ZnO NRs. Therefore, our findings in this study will be highly beneficial in promoting the development of innovative probe and sensor applications exploiting the ability to spatially localize biomolecules on specific areas of ZnO NRs in addition to utilizing the directionally guided and locally enhanced optical signal enabled by ZnO NRs.
